The TRPC channels are crucially involved in store-operated calcium entry and calcium 20 homeostasis, and they are thus implicated in human diseases such as neurodegenerative disease, 21 cardiac hypertrophy, and spinocerebellar ataxia. We present structure of the full-length human 22 TRPC3, a lipid-gated TRPC member, in a lipid-occupied, closed state at 3.3 Angstrom. TRPC3 23 has an acorn-like shape with four elbow-like membrane reentrant helices prior to the first 24 transmembrane helix. The TRP helix is perpendicular to, and thus disengaged from, the 25 pore-lining S6, suggesting a different gating mechanism. The third transmembrane helix S3 is 26 remarkably long, resulting in a windmill-like transmembrane domain, and constituting an 27 extracellular domain that may serve as a sensor of external stimuli. We identified two lipid 28 binding sites, one being sandwiched between the pre-S1 elbow and the S4-S5 linker, and the 29 other being close to the ion-conducting pore, where the conserved LWF motif of the TRPC 30 family is located. 31 32 33 34 35 36 37 38
Introduction
Indeed, we observed a lipid-shaped density (lipid 1) in this pocket (Figure 3c, d) . The head 118 group of lipid 1 is well defined in the density map, forming several hydrogen bonds and polar 119 interactions with residues in the LD9, the pre-S1 elbow, half TM1, and the S4-S5 linker, while the 120 two hydrocarbon tails are in contact with S1, S4, the pre-S1 elbow, and half TM1 (Figure 3e, f) . A 121 similar pre-S1 elbow structure with lipid-like density has been observed in the Drosophila 122 mechanosensitive channel NOMPC (Jin et al., 2017) . We suggest that this lipid site may be 123 crucially linked to channel activation, given its interaction with S4 and the S4-S5 linker. A 124 mutation in this region (T561A on S4) results in gain of function, causing abnormal Purkinje cell 125 development and cerebellar ataxia in moonwalker mice (Becker, 2014) (Fig. S 3) . 126 We also identified a second lipid-like density (lipid 2) in the lateral fenestration of the pore 127 domain, wedged between the P loop and S6 of adjacent subunit and forming both hydrophobic and 128 hydrophilic interactions (Figure 3g , h). Moreover, lipid 2 is in close contact with the LFW motif on 129 the P loop, which is highly conserved throughout the TRPC family and is crucial to channel observed a cavity-like feature (Figure 3j) , with S3 and the S3-S4 linker as a -back wall and roof‖, 138 and the S1-S2 linker forming the entrance. This cavity is located right above the lipid bilayer, 139 and its interior is filled with both charged and hydrophobic residues (Figure 3j ). Moreover, a 140 tyrosine residue (Y589) in the loop connecting the S5 and the P loop plugs into the cavity (Figure   141 3i). We speculate that the cavity may serve as a binding site for small molecules and that binding 142 of small molecules may directly affect channel function through Y589, implying a role for the 143 ECD as a sensor of external stimuli. This is in line with the finding that Pyr3, a TRPC3-specific 144 inhibitor, likely binds to the extracellular side of the protein (Kiyonaka et al., 2009 ). Furthermore, 145 a glycosylation site (N404) is observed in the S1-S2 loop, consistent with the prediction that 146 TRPC3 is monoglycosylated in the extracellular side ( Figure 3i ) (Vannier et al., 1998) . The site is 147 very close to the P loop, suggesting that the glycosylation status may affect channel activity, and 148 this is consistent with the report that N-linked glycosylation is a key determinant of the basal 149 activity of TRPC3 (Dietrich et al., 2003) . Further studies are necessary to clarify the 150 physiological role of the ECD.
151

TRP domain 152
The TRP domain-the namesake region in the TRP channel located at the border between 153 the transmembrane domain and the intracellular domain-is crucially involved in signal 154 transduction and channel gating (Garcia-Sanz et al., 2007; Taberner et al., 2013) . Similar to that 155 of TRPM4, the TRP domain consists of a TRP helix that runs nearly parallel along the 156 intracellular face of the membrane and a TRP re-entrant helix embedded in the lipid bilayer (Autzen et al., 2018; Guo et al., 2017; Winkler et al., 2017) (Figure 4a ). The TRP helix penetrates 158 into the tunnel formed by the S4-S5 linker of the TMD on the top and the LD9 of the linker 159 domain in the intracellular space on the bottom (Figure 4a) , showing an apparently disengaged 160 connection to the S6 helix through a loop of the hinge region instead of a continuous alpha 161 helical structure as in TRPM4 (Figure 4b, e ). While the densities for both S6 and TRP helix were 162 well defined, their linker region was surprisingly poorly defined, indicating a high flexibility 163 between the TRP helix and S6 (Figure 4b, 1b ). The TRP helix forms an approximate right angle 164 to the S6, in strong contrast to the TRPV1, TRPA1, and TRPM4 structures whose TRP helices 165 form obtuse angles with S6 ( Figure 4a-d) . Given the crucial role of TRP helix in channel gating 166 and its possible involvement in voltage dependence (Nilius et al., 2005b) , the disengagement of 167 TRP helix from the pore-lining S6 may provide a molecular basis for the unique gating 168 mechanism of TRPC3 relative to other TRP subfamily channels (Itsuki et al., 2012) .
169
Furthermore, the TRP helix forms a series of polar and hydrophobic interactions with the 170 S4-S5 linker and the LD9 helix ( Figure 4a ). Specifically, the highly conserved tryptophan W673 171 is extensively coupled with the S4-S5 linker through interactions with G552, P553, and P546. Ion-conducting pore 184 The ion-conducting pore of TRPC3 is lined with an extracellular selectivity filter and an 185 intracellular gate, with a wide central vestibule in the middle (Figure 5a ). The pore adopts a 186 closed conformation with the narrowest radius -at I658 and L654 on S6 close to the intracellular 187 exit -of less than 1 Å, thus preventing ion passage ( Figure 5b ). Presumably, the channel is Similar to other Ca 2+ -permeable TRP channels, an acidic residue, E618, is located at the 197 entrance of the selectivity filter. An E618Q mutation impedes the calcium permeability of 198 TRPC3, but it preserves monovalent permeation (Feng et al., 2013; Liu et al., 2007) (Figure 5b ).
199
The neutralization of the corresponding acidic amino acid on TRPV1 remarkably decreases (Figure 6c, d) . Notably, the rib helix is rich in positively charged residues, forming multiple 226 interactions with the charged residues in the LD. The third interface is located between LD and 227 LD/pre-S1 elbow of the adjacent subunit ( Figure 6e ). All these interactions knit the tetramer 228 together.
229
Conclusion 230
The TRPC3 structure displays a unique acorn-like architecture. Distinct to the TRPM, TRPV or 231 TRPA channels whose TRP helix and S6 form a continuous alpha helical structure, the TRP helix 232 in TRPC3 is disengaged from the S6, which aligns with the unique gating mechanism of TRPC, 233 perhaps linked to the lipid activation or voltage independence. The remarkably long S3 endows 234 TRPC3 a windmill-like TMD and frames the ECD in which a cavity may act as a binding site for 235 small molecules, suggesting a role for the ECD in sensing extracellular stimuli. We identified 236 two lipid binding sites, one buried in a pocket surrounded by the pre-S1 elbow, S1, and the S4-S5 237 linker, and the other inserted into the lateral fenestration of the pore domain. Our structure 238 provides a framework for understanding the complex gating mechanism of TRPC3. molecule is buried inside the pocket formed by pre-S1 elbow, S1, and the S4-S5 linker. Two Interface between adjacent LDs and pre-S1. Alpha helices involved in the inter-subunit 284 interaction are indicated. Fig. S 4. Comparison of the TMD of TRPC3 with TRPV1 (a), TRPA1 (b), and TRPM4 (c) . 300 Structures are aligned using main chain atoms of the pore domain. Only the TMD of one subunit 301 is shown in cartoon representation, viewed in parallel to the membrane. TRPC3 is in blue; 302 TRPV1, TRPA1, and TRPM4 are in pink. (d-e) TMD viewed from extracellular side. The 303 relative organization of the S1-S4 domain with the pore domain in TRPC3 is similar to that in 304 TRPV1, but the S1-S4 domain in TRPC3 exhibits a clockwise rotation relative to TRPA1 or 305 TRPM4. 
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Figure legends
327
The TALON resin-bound TRPC3 was eluted with elution buffer (20 mM Tris 8.0, 500 mM NaCl, 328 250 mM imidazole, and 0.1% digitonin). Thrombin (1:20 molar ratio) and 10 mM EDTA were 329 added into the eluted sample and incubated for 3 h on the ice. In order to further purify the 330 protein, the sample was concentrated and loaded onto a superpose6 column in buffer containing 331 20 mM Tris 8.0, 500 mM NaCl, 1 mM EDTA with 0.1% digitonin. Peak fractions containing 332 TRPC3 were pooled and concentrated to 5 mg/ml.
333
EM sample preparation and data acquisition 334
The purified TRPC3 protein sample (2.5 μL) at a concentration of 5 mg/mL was applied onto a 335 glow-discharged Quantifoil holey carbon grid (gold, 1.2/1.3 μm size/hole space, 300 mesh). The 336 gird was blotted for 1.5 s at 100% humidity by using a Vitrobot Mark III, and then was plunged selected as templates for automated particle picking for the entire data set using Gautomatch. The 351 auto-picked particles were visually checked and obvious bad particles were manually removed.
352
The picked particles were cleaned up throughout three rounds of 2D classification. CryoSPARC filtered to 10 Å) was applied to the two half maps.
365
Model building 366 The model of TRPC3 was built in Coot using the TMD domain of TRPM4 structure (PDB 5wp6) 367 as a guide (Emsley et al., 2010) . De novo building was mainly guided by bulky residues and 368 secondary structure prediction (Fig. S 3) . The TRPC3 structure chiefly consists of α helices, 369 which greatly assisted register assignment. In the initial de novo-built model, the order and 370 length of the secondary structure features, as well as the positions of bulky residues within each 371 secondary structure feature are in good agreement with the prediction (Fig. S 3) . The initial 372 model was then subjected to real space refinement using Phenix.real_space_refine with Pre-S1 "elbow" TRP helix TRP helix Pre-S1 "elbow"
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